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ABSTRACT 


An existing Nd: Glass laser was upgraded and obtained energy 
as much as 80J per pulse. Air breakdown studies using Nd: Glass 
and Nd: YAG lasers were performed. Effect of metal plasma was 
studied to breakdown air using Nd: Glass laser. The wavelength 
dependence and pressure dependence of air breakdown threshold 
were studied using the Nd: YAG laser and its harmonics. Etependence 
of the size of visual spark as a function of laser radiation was 
studied. To avoid the back reflection from the laser produced 
plasma, a Faraday isolator was designed and the performance 
char at eristics of various components of the isolator are 


presented. 



CHAPTER 1 


INTRODUCTION 

1 2 

Since t.he first. repoi'-Ls by M^ker et. al and Mayerand 

on gas: breakdown at opficai fx'equencies bv means ol a 

Q-switcbed laser, there have been many reports on optical 

3 

breakdov/n of gaseous medium by Agostini et ai and Grey 

4 

Morgan .The phenomenon is observable at very high field strength 
< >10^V/cm for atmospheric gases>, which can easily be obtained 
by f ocussing a high power laser beam. Laser field as strong as 

coulomb field applied to an atom removes the valence electx'on 
away from an atom and the gas breakdown is obsei^ved. For 

example^in the case of atmospheric air the bx'eakdov/n is 

characterized by a flash of bluish white light at the f ocus 
accompanded by a distinctive cracking noise. In the case of 
solids breakdown is defined by a damage spot. Laser induced ■ 

I 

gaseous and metal plasmas have several applications in various 

i 

5 i 

fields of research. Laser triggered spark gaps have been i 

developed and extensively used in highvoltage switches. Laser 

( 

Induced rare gas plasmas ax'^e found as a soui^ce of VUV x^adiation. [ 

i 

i 

Laser Induced metal plasmas have been used as a source of higi% [ 

intensity X-rays, and for photoiomzation lasers. If the plasma 
density is very high plasma mirror effect^ is obsex'ved and 
^hic:l> ac^ts ^,an optical Q-switch. 



2 


Thi«2- l;3ks:«2-i> Ji^aive- usvi^ilv dojie- 

Nd'YAO OX' Nd.'Gi^sis: ox' CO l-asiers. Since CO insit^rs: iH>quire 

2 -2 

special optics et.c fon working, an extensive woi-k has been 

i>epoi''ted using Nd^*^ lasei'^s. We have upgi^aded an existing 

NdrOlass lasei'^ and used for studies air breakdown near a 

metallic surface. The details of the changes made ai^e described 

in chapter 2. Due to nonavailability of index matching fluid for 

Pockel^s cell the use of lasei" was limited to fi'ee running n>ode 

ie, non Q-switched operation. The laser delivex''ed as inuch 80 J 

per shot. On focvissing laser ix'X^adiation on to a solid tai'get it 

was possible to see characteristic plasma of the target used. In 

such cases it is possible that a part C 5%to25% > of incident 

radiation may be reflected back by the plasma. To avoid the 

possibility of this back reflected radiation going back in to 

oscillator an optical Faraday isolatox^ vfas designed. The 

reflected radiation reaching the oscillator^ in the absence of an 

isolator, may damage optical components in the wav and even the 

laser rod. The details of the design and pox'formance 

characteristics of Faraday isolatoi'* are presented in chapter 3. 

There have been repox^ts on the obsex’^vation of breakdown of 

0 

the gases with low power lasers in the presence of preionissation. 
The ixxitiatory electron can be provided by either applying static 
electX'lc field transverse to the laser foctis, or due to presence 



of low ionixakt-ion pot.t=^nt-i^i fc>V 

11 ”3 

shown t-hat. pi^eionizataon densi-ties 10 cm loweis the 

B 

threshold. Robinson i^eported similai' resuits foi' pi i^uorii nation 

lO *“3 

densities as low as 10 cm , Decrease in threshold energy of 

breakdown of atomic and molecular ^ases in the presence of 

metallic surface using; <3 CO^ laser has also teen obseived 
9 

Vedenov et al have shown theoretically that breakdov/n of a ^as 
is due to thermal ionoztion of metal vapor of lov/ ionisj^ation 
potential. The minimum intensity, K'V/cm >, requii'ed for the 
development of an electi''on cascade in the g:as is g;iven by^^ 
I>6yl0^Ei-/O.^A 

whex'e Ei is the first ionization energy <!ev> of the g/is, a is the 
v/aveiength <^im> of laser radiation and A the atojiiic oi- jnc.iooulai' 
weight of the gas.Barchukov et .-»l reported that a spht"i'i»..nl shook 
wave fpoint explosion!) develops iii a small region of dense vapoui' 


near the 

t-ar^et- wibh 

in a bime 

b«dX^u 

«i Cbhe laser 

pulse 

duratlon>. 

where d is 

bhe laser 

radlabiun 

spok on 

t-he 

surf ace of 

barg^eb and 

u bhe speed 

of sound 

in bhe vapoui'. 

. The 


threshold inteixsity of the developed evaporation regime of the 
metallic and non-metallic siu'face can be detex^nined by the 
.estimates 10 /Cl— R!> W/cm where R is the reflectivity of the 

metallic sui'face at i.06/^m and l’'”'" < 10'^C1-R> W/cm^. We have 

«rva 

studied bhe effect- of metallic surface 


on bho breakdown of 



4 


iaii> using ;a fr^ee i^unning Nd l^ser'. It- is t^he 

aiut-hox'*s claim, t-hat- such st^udies ai^e- repoi-t-ed. chaphei^ 4 

desci^ibes t-he experiment-al obsei'^vat-ions. 

Lasei^ Induced Gas Bi^oakdown 

In “the field of an intense laser" beam elecbi^ons may be 

11 

gene 3 >at-ed in a gas by bwo mechardsms directs joiult^i phot-on 

ionizat-ion CMPI> and elect-ron impact- ox" cascade ionizat-ion. In 

bhe finst. pnocess, an at-om on molecule of ionizat-ion energy E 

absorbs n simultaneous photons of energy hi>, subject to the 

condition rkhu>E ,and thei'eby becomes photoionized* where n=<E>/E '> 

where E is the photon energy. The ionization I'ate vax'ies as 
p 

and the electron density, for a coixstant intensity pulse, 

increases lirxearly with time. Multiphoton ionization is dominant 

1,1 2 

when the laser beam of intensity >10 Vyam , at low gas px'essure 

““3 

<10 torr, at wavelength belov/ Ipfm and v/hen pi 5^10 torr-sec. The 
pressure dependence of MPI process is very v/eak and it v..u"ies as 
p Bebb and Gold^^ concluded that although MPI may provide 

the initial electron, it doesnot account entirely for t-he 
breakdown phenomenon except possibly at very low piessui'C. 

In the second process, electrons gain energy from the laser field 
through inverse bremsstrahlung CIB> collisioiXKS with neutrals. The 


electrons can readily ionize the gas When their energy exceeds 
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E^. At^ surricen'Llv rio-ids> ioniasing collisions will cause an 

elect^non cascade t^o occui'* wit*h t>he electr^on density'' increasing 

exponentially with time. Cascade ionization process is dominating 

2 

when the gas px^essure >10 toi'i^, when ‘ the viravelengt)> >ljLi»i and 

■“7 

when P '1 >10 tora''-sec. Tlie pressure dependence t>r thi't'-sht.:>ld in 
the case of cascade ionization process varies as p Ve I'xave 
used DCR4 iSpectra Physics > Nd:YA6 laser and its har'inonics to 
study breakdown of air at various pi^essures. In Chaptei' 5 we 
2 >epoi''t the dependence of thi^eshold energy required t.o bi^eakdowii 


air using 

1.06, 0.55, 

0 355, 

0 266fjm 

ii^i^adiation 

at vai^ious 

pi'‘essui'‘es. 

Pi^eliminary 

i^esuits 

on the 

dependeiice 

of sizt^ of 


breakdown region on pressure > wavelength and thi^eshold energy are 
pi^esented. 
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:hapter 2 


:XPERI MENTAL TECHNIQUE 

In t-his chapLer we briefly discuss t,he development work done 

3 •v 

.o upgrade t-he existing >4d laser system and the design of 
.arget chamber. The Hd; Glass laser used in our studies is a 

^olobeam SCO series pulsed system. In this laser an optical glass 

3"^ ‘ 1 3 3^f 

' od i s doped wi th Nd i ons . Nor n^i 1 y about 1 % to 3% of Nd 

3-+ 

.ons are doped in the glass. The pump bands of Nd ions are 

shown in the energy level diagram Cfigur e3. 1 > . The 1 aser 

4 4 

L-ransition at 1 . 06pm corresponds to transition to I.. 

rhis Nd: Glass system contains 

L3 Laser head and heat exchanger 

Li3 Laser power supply and remote station 

L i i ;> Pock ei s cel i assembl v 

The laser head contains a Nd: Glass rod of length 30. 3cm and 
diameter 1 . Qcm, The rod is optically pumped by a helical, 
((enon-filled arc discharge flashlamp. The radiation from the 
riashlamp is coupled into the rod by direct radiation from the 
flashlamp and through the reflected radiation from the reflector, 
rhe whole assembly, laser rod and flashlamp is filled with 
recirculated deionised water. The laser resonator consists* of two 
dielectric coated mirrors, rear jnirror with maximum reflectivity 
at output mirror with 16% ref iecti vit;/. Cold water 


! f fi n’ t ^ ' f! 



Ground 

level 



Fnornw I Diaaram of Nd 


in glass 
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is circulated through the laser hefad by using a excha)-iqer 

It contains a cooler and a water recirculating system. The heat 
exchanger is designed in such a way that the whole lasei head is 
kept at a temperature of 23 continuously through out the 
operation of the laser. nee the cooler in t]')e heat ^^‘xcl'ianqer 
was not working, closed cycle reci rculatina wale! *;vL,tem 

arrangement was designed using a sjital 1 externa M. C Oc.' i c,*I . 

The power supply is operated by 230 volts 60 Hz ac source It 


contains A PFN capacitor bank in which energy is stored first 
and later discharged in the flashlamp. Tl^e PFN capacitor 
bank is charged by the transformer supply voltage through the 
SCRs. This part of this circuit was not working, charging 

circuit were changed using equivalent SCRs etc. The energy 
storage and release are done by the* power supply remote station 


upon command from the charging circuit and firing circuit. 

The Pockels cell assembly contains KDP crystal in an index 
matching fluid cell, a polarizer and the rear mi rror . Dur i ng the 
^ ^i^® the Pockels cell is closed and after a delay time, 

on the application of a high voltage the Pockels cell opens and 
lasing occurs in a giant pulse. Initially Q-swi tched mode 
operation was tried but it was found out there was no index 
matching liquid inside the Pockels cell. Without this Uquid it 
is not safe to operate Pockels cell. So the laser -was opei ated in 




Q 


the free running mode only. 

The free running mode conf i gurati on is shown in the figure 
£.2, and tho charging electrical configuration is .shown in 

figure £.3. Tlie laser was aligned using a He-Hu lasei Lv 
coinciding the reflected beams from the two mirrors with the 
direct beam. Tlie output energy was monitered by an energy 
meter Cscientech!) put in the path of the beam. A curve of input 
supply voltage to the flash lamp and the optimum output laser 
energy was plotted for future reference. Ihis is shown in the 

figure 2.4. The pulse shape of the laser output was also obser vt.-d 

using an oscilloscope was found to be about 1 --2msec. It 
was not possible to resolve various peaks in the profile with 
the oscilloscope used. To avoid the possibility of laser 
r adi ati onback reflected from laser produced plasma entering into 
the laser cavity, a Faraday isolator ' for use after the laser 
oscillator was designed C chapter 3 D. 

Target chamber and Vacuum system 

The target chamber used in the studies is juade of MS, the 
^ risi de of which is chrome coated. It has three window as shown in 

figure 2. S. A metallic target can be introduced from top and 

:ould be rotated in vacuum with the help of an external motor at 
a desired speed. On all the three windows quartz, blanks were 
Jsed. One of the three windows was used for laser input which was 
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Rear Series Output 

Mirror 800 Mirror 

Maximum Head 16 */• 

Reflectivity Rod Reflectivity 
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Component Configuration or Conventional 
Mode Operation . 


FIG.2»2 
















FIG 2-3b 
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focussed on to the target with a lens placed outside the 
chamber. Out of the other two windows ♦ one was used for recording 
spectrum and the other for viewing the plasma and taking 
photographs of the plasma. Target chamber was evacuated to a 
pressure of better than lO'^^torr using & rotary pump and an oil 
diffusion pump. In order to have specific pressure in the target 
chambei , it was sep-arated from the vacuum system by an extra 
valve. A thermocouple gauge, a penning gauge and an oil mortometer 
were attached to monitor the pressure after the rotary pump, and 
pressure inside the chamber respectively. The complete layout of 
target chamber along with vacuum system is shown in figure E. 6. 














CHAPTER 3 


FARADAY ISOLATOR FOR HIGHPOWER Nd: GLASS LASER 

I ntroducti on 

When high power laser is focussed flux densities of the 

1 ■ 4 - 2 

order of lO Watt/cm can be achieved. If such a high power laser 
radiation is focussed on to a solid target to produce plasn^a, a 
considerable amount C5% to E5%D is reflected by the plasma back 
through the laser amplifier configuration. If this reflected 
radiation is not suppressed completely then amplif ication of 
reflected light causes dan\age to the optical components of the 
laser. Hence experiments with high-power laser amplifier 

conf i gurati ons often need* an isolator. Isolator suppresses 
self -oscillation of the configuration and also acts as an 
effective protection against laser radiation being reflected back 
into the amplifier configuration. Although several possible 
methods are available but an optical isolator based on the 
Faraday Effect seems to be the best choice for suppressing the 
back reflected radiation. In this chapter we discuss the 
principle of a Faraday Isolator, design consideration and its 


per f or mance. 
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Oper at i ng Pr i nci pi e 

If a plane polarized light passes through a material kept 

in a magnetic field with the direction of magnetic field parallel 

to that of propagation, the plane of polarization of the incident 

1 4 

light is rotated. This effect Iscalled Faraday effect . The 

change in polarization angle B is, given by 6=VBL * where L is the 

length of Faraday active material, B is the magnetic field 

strength and V the verdet constant of the material. The 

1 5 

principle of Faraday isolator can be understood with reference 
to Figure 3, 1 . The laser beam coming from the laserhead, may be 

anoscil later as in our case or a chain of amplifier, first passes 
through the polarizer P . The light then passes through a glass 
rod kept in a n^gnetic field. The magnetic field is chosen in 
such way that the plane of polarization of the beam emerging from 
the glass rod is rotated by 45^. This light passes through the 
polarizer P^kept at an angle of 45^ with respect to polarizer P^. 
If radiation is reflected back through the polarizer P^ and 
passes through the glass rod it is further rotated through 45^. 
The polarizer is thus in the blocking direction with respect 

to the reflected light. A plane polarized light can be considered 
as a linear sum of right circularly and left circularly polarized 
components, if this light passes through a medium of length 1 
placed in a magnetic field the phase difference between the two 



10 



Principle of the optical isolator 


FIG . 3.1 
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components is ^ '? 7 _ • 1 1 ' the refractive index 77 ^^ is 

smaller than 77 ^ right circular component will move with greater 
velocity and rotated in the positive direction. The amount of 
I'otation depends on the length of the medium and the strength of 
the magnetic field. If yy_ is smaller than > 7 _^ the rotation 
will be in the negative direction. 

ETesi gn of Faraday isolator 
Glass for Faraday rotators 

The Faraday material used should meet the following 
r equi rements 
iD high verdet constant 

i i i> low absorption at the laser wavelength ie. , 1,06pm 
iii:) high damage threshold 

i v> very low strain induced birefringence and refractive index 
var i ati on. 

Table 1 gives the verdet constant of the glass usually used 
in an isolator 


G1 ass 

Ver det cons tan tC mi n/oer ^cnO 

M-16 

0. 077^-0. 0003 

ED-4 

- 0 . 0061 . 7 

SF-6 

+0. 0281 . 85 

FR-B 

-0. 0712. 0 

FR-4 

-0. 0311 . 72 
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Out of these glasses M-16 seems to be the best choice for the 
isolator, it has a high verdet constant and low absorption at 
1 . A rod of length 5cm diameter 2cm was chosen in our design. 


Design of polarizers 


Two polarizer as shown in Fig. 3.1 are required for the 
Faraday isolator. Since the aperture of the laser is more than 
1.5cm and output energy is very high, the usual calcite 
polarizers become very expensive and difficult to obtain. 
Considering these factors stacked— plate polarizers Cpile of 
polarizer^ were made with high polarizance and low absorption at 
the laser wavelength. Advantage of these polarizers are, they 
can be made with any desired aperture and damaged plates can be 
r epl ac ed east 1 y . 

For m plates of refractive index n, mounted at Br esm^ster ’ s 
angle the degree of polarization produced by the polarizer is 


gi ven by 


16 


P = 


.. 2 V 4m 

l-<2n/Cn +1>> 

1 +<2n/Cn^+lD>'^”' 


The polarizance was calculated using the abo'vre relation and the 
transmission was calculated using the relation T — lOOCl 4/1 OOD 
Figure 3.2 shows the variation of degree of polarization and 
transmission intensity with number of glass plates. It clearly 

nu)iiber of plates the degree of polarization 


shows that for lower 
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1 £• low And the t r ansmi ttance is high, and Tor higher number of 
plates the degree of polarization is high but the tr ansmi ttance 
a s poor. The polarizer was made for S plates for which the degree 
ot polarization is 86% and the transmission is 7E% .Due to 
nonavai 1 abi i i t y of 8mm thick glass plate, two glass plates of 
thickness .8mm were mounted in a sigle groove. 

We used glass plates of O. Smm thick, length 3.7cm, and width 
8. 3cm mounted at Brewster’s angle. A lay out of plates is shown 
in the figure 3.3, This mount was fixed inside a 
hollow aluminium tube of outer diameter 5.6cm and length 5cm. 
The entire assembly was fixed inside another hollow cylinder of 3 
cm outer diameter. The cylinder containing the pile of polarizer 
mount can be rotated through 360^ and the angle of rotation can 
be directly read on the dial. 

Performance of the polarizer 

The transmission intensity/ of the polarizer was measured by 
rotating one polarizer through 360^ with respect to the other 
polarizer in steps of 10^. The light beam from a He-He laser 
passes through the two polarizers and falls on a photodiode. The 
photodiode output was fed to a CRO. The signal was plotted. 


figure 3. 4, 

agai 

nst angle of polarization 

which 

shows 

maxi mum 

tr ansnii ssi on 

at 

the par ai 1 el posi ti on 

and 

the 

mi ni mum 

tr ansmi ssi on 

at 

the perpendicular position. 

The 

meas ur ed 



?3 



fig. 3-3 SKETCH OF 8-PLATE PILE OF POLARIZER 
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Fig. 3-4 Transmission Intensity of pile of 
polarizer at different angle 



t r ansiiii i i at. ihe parallel posi'tion was 43% and 'the minimum 


1.3% . Passive extinction 
to be 34dB. 


ratio of the polarizers was measured 


Magnetic field generation 

For a glass rod CHI 62) of length 5cm with verdet constant 
O Qyy min^'oer^cm » to get 45 rotation of polarization requires a 
magnet! c field of *7 KG. This magnetic field was obtained using 
pulsed air -core solenoid. It has an additional advantage that it 
does not require any elaborate cooling system, and the rotator 
can be made compact. 

c 

design consideration 


Figure 3.5 shows an air -core solenoid of length 13. Scm and 

diameter 4cm tightly wound with copper wire in a single layer of 

120 turns. At any point along the longitudinal axis the magnetic 

17 

field strength is approximately given by 

BCx> = p Nl/21 -tl-x/Cr^+Cl-xil^l . . . . C15 
o 

-7 

where ju is the permeability of air C4n x lO H/m !> , Nthe is total 
number of turns, 1 is the length of the solenoid, i is the 
current through the solenoid, and r the effective radius of the 
sol enoi d . BC x!) i s maxi mum at the center of the sol enoi d and for 

thi s poi nt 


fj m 

BC x=l yzy 

C 4r* + 


cai) 



6 



ss section of air-core solenoid Effective radius of solenoid -2-05 cm 

;t20 turns of copper wire] a^ - 1*8cm 02 - 2cm 

ss rod length -5cm Diameter-2cm. 

3 . 3*6 
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lo accotinl for the' decrease in field strength toward the 
end of the coil, define a flux linkage factor k as the ratio of 

the average field strength to the maximum field strength. 


Foi" various ratios of coil length to radius the flux linkage 
factor k is calculated and is plotted in figure 3.6. From the 
graph, a ratio of coil length to radius is taken 6.75 and the 


corresponding k value is O. 


Since the field strength falls gradually away from the center 
the glass rod is placed at the center of the long solenoid as in 
figure 3.5. The axial variation of the field using equation Cl> 
was calculated for various points along the field axis and. is 
plotted in figure 3.7. From the plot one can see the variation 
inside the glass rod is very low.. If there is a small 

variation in the field then the backward transmission can 
1 8 

be written as 

T 


The axial magnetic field at any point inside the solenoid is 


given by 


H Cp.©5 = j a <FC«./?5+FCct,/?:>E2Cp/a^:>^P2CuD+FCa./?3E^Cp/a^:)^ 


P.Cu> + > 

4 


where J defines the overall current density 
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N 1 ^ 
a 

;? s 




I d»M mini a„*. the ’field f actor " 
FCf'i.r*'' * 4nihl0 C si nh ^ nyft -sinh 


and 


i^S 


Ra./?'' = 4itr?''10 In 5. 

1 +C1 

and fi ~l/'B& 


1/2 


With iM =a 

2 i 


Fi r >i l ew the Even-Order Legendre polynomials and 
coefficients are ai ven below 


P - 1 U 2 “-COS 0 

c* 

P_Cu> - 1 /'a C 3u^-l > 

r: 

rXu3 i^S C35u^-30u^-^33 

4 

P fu-) « C 231 u®-31 5u^+J 05u^-5? 

£i 


Error 


FCc».^> = 4,n ftyiO Cslnh"^ct//3-sinh“^l/'^ « 

F E^Cc «./?5 *= 4 n-^ 10 «l /^/9 

d ' 1 a 

F E Ca, fD = 4n/10 *« i/24^®[C®''®C2+3C +i5C*5-C®''*C2+3C +15C^:)3 
where 

C -1 /'I C « *ff ; a^ya^'+f^; C = ^ 

The magnetic field for various value along the cross-section of 
i od was found and plotted figure 3.8. The graph shows a very low 
cross-sectional variation of the axial magnetic field. 

To determine the attainable Isolation as a function of 
the axial magnetic field. F/B ratios were calculated 




posi ti on in 



lull 
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Fig. 3-0 Cross-sectional variation 
of magneticfield 
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for four positions of the sample along the magnetic axis. The F/B 
ratios are given in the table a * where x is the distance from 
the outside edge of the solenoid to the rod end and AHxH is the 
effective magnetic field variation. 


Table 2 



xC cm> 

F/BCdB:^ 

ah/h=+4/7icf/b:> 

2 

20. 8 

0. OlO 

2. 7 

25. 7 

O. 0034 

3. 375 

30. 6 

0. OOll 

4. 25 

38. 1 

O. 0002 


From the above table one can see that the effective magnetic 
field variation at the rod position is very low. To get very high 
F/B value, the magnetic field should be uniform over the whole 
c r OSS -sec t i on . 

Electronic circuit 


To get the maximum magnetic field in the solenoid a capacitor 
bank is discharged through a spark circuit to provide enough 

current to energize the coil. The main part of the circuit is 
shown in the figure 3. 9. Ibis circuit can be assumed as an 

under damped RLC series circuit. The current through the coil is 
17 

gi ven by , 

lCt3 =C V^/ccL:) e ^^sintcrt C6:> 

= [ C 1 /LO "C R/2L> ^ 3 a = R/2L R-coil resistance 


where o> 




FARADAY ROTATOR SYSTEM . 


IG. 3-9 
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L=coil i nductance==k:p A/"C 4r^+I 

o 

A-effective coil cross-sectional area. 

The coil inductance was found to be 152pH using equation T . 

The time required for the current to reach a peak is given by 

t =C 1 /ccD t an C LcyoO C 8Z> 

P 

The circuit shown in the figure 3.9 has two parts. 
i3 charging unit liD triggering unit 

The charging unit contains a capacitor bank of value 122 /jF which 
can be charged from the power « supply having a step up 
transformer and a voltage doubler. The required voltage to 
the capacitor bank can be calculated from equation C63 and is 
925V. From equation C8D it follows that maximum time to reach the 
peak current is O. lOSmsec. The maximum current was found to be 
730amp .Triggering can be done by using a triggering voltage 
circuit or with laser pulse triggering. 

In conclusion the character! sti cs and performance 
characteristics of various components of Faraday isolator are 
reported. Unf ortunately ^ due to non-availabili ty of M-IB glass it 
was not possible to check the working characteristics of 


i sol ator . 



CHAPTER 4 


AIR BREAKDOWN NEAR SOLID TARGETS BY Nd: GLASS LASER 
I ntroducLi on 

Pirn tirst observed low threshold optical breakdown 0 

gases at the surface of a target using CO^ lasers. The decrease 

in threshold laser energy was attributed either to thermal 

SI 

process or presence of metal piasjna itself . Breakdown of air 

at the surface of a metal using low power laser was reported by 
SS 

Bondarenko and explained on the basis of thermal processes 

which accompany optical breakdown. It was observed that the 

23 

presence of a precursor plasma decreases the threshold 

intensity for breakdown of atomic and molecular gases. Short 

24 

wavelength radiation emitted from the metal plasma was also 
t'ound to reduce the threshold intensity for breakdown of gases. 
Bar chukov et ai have proposed that an electron cascade can 
develope to ionize the gas surrounding the target due to metal 
vapour. We report air breakdown near solid targets Cgr aphi te, Al 
using a free running Nd: Glass laser. 

Experimental Setup 

A free running Holobeam Nd: Glass laser, outlined in chapter 2 
with output energy of upto 80 Joules and pulse width of 1— 2msec 
and beam divergence of 4-5mrad was used for the experimental 



36 


studies. The laser beam was focussed by a lens of focal length 
23.5cm C63cmZ> on to a solid target. To record the emitted 
spectrum, the plasma radiation was focussed on to a spectrograph. 
Simultaneously photographs of the plasma were taken with camera 
placed near to the target. The complete experimental setup is 
shown in figure 4.1. 

Results and Discussion 

c 

Laser radiation was focussed on to a graphite target, placed 
in the atmosphere, using 33. Scm focal length lens. Intense 
visible plasma was observed with a characteristic cracking noise 
ever>d.ime laser hit the target. Spectrum was recorded using a 
three prisms spectrograph on the usual panachr omati c phc^tagr s^phi c 
film. Every spectrum recorded is a collective effects of ten 
=;hots. The calibration was done by recording a mercur 2 / spectrum 
on the same film. The position of various spectrum lines were 
lead using a comparator. 

The spectrum lines were identified using spectrum line 

tables . In addition to the standard spectrum lines of carbon, 
spectrum lines corresponding to nitrogen were also observed. The 
presence of these lines suggests that air is also breaking down. 

Table 3 gives the spectral lines observed with targets and those 

of carbon and nitrogen. The experisoent was repeated with 

Aluminium as the target. Spectral lines were identified as above. 
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S — Constant Deviation Spectrograph 
C — Camera 


Experimental Set-up for air Breakdown Studies 
in Presence of Metal Plasma. 


FIG>1 
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Here again we observe character islic lines corresponding for 

nitrogen. Since the resolution of our instruments is about 30A^, 
it is not possible to ascertain exact nature of br eakdovio^. Air 

breakdown spectrum was recorded with Nd: YAG laser outlined in 
chapter 5. The aii' breakdown spectral lines are matching with the 
s|.’'ectral lines observed as above. 

The minimum intense iy» ICW/cm^D, required for the devel opment 
of an electron cascade in the gas is given by I>6xlO^E/X^A where 
is the first ionization energy Cev3 of the gas, X the 

wavelength Cpm> of laser radiation and A is the atomic 

C molecular 3 weight of the gas particle. 

The condition of air breakdown is not satisfied in our case. 
The maximum laser intensity was found to be 2. 33x1 O^W/cm^ for a 
pulse of energy 70 Joules, pulse width of 1msec and spot size of 
1mm, This intensity is less than the threshold intensity 

S> 

C3. 76x10 WXcm 3 calculated from the breakdown condition. Ho'wever 
if we account for the presence of the metal surface and 
we find that the condition is established for a period of the 

order of dxu where d is the spot size which is 1mm in our 

experiment and u is the speed of sound in vapour. This time was 

« 

found to be 3x10* sec. In our experiment this time is very short 
compared to the laser pulse duration which is of the order of 
1msec, In this time d/u « TC10*‘*^sec«lmsec3 in the region of 
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tiense vapour an electron cascade can develop due to the 

ionization of the air molecule by the vapour particles and as a 
result a spherical shock wa’v^e Cpoint explosion!) is produced in 
the air surrounding the target. 

To get more evidence of breakdown of air in the presence of 
jnetal surface, the laser was focussed using lens with focal 
lejigths S3. 5cm and 63cm. It is observed that short focal length 
lens produces an intense spark but the extent of breakdown region 
IS also small. On graphite target with focal length S3. 5cm and 
laser energy 70J breakdown region as much as lOcm was observed. 
Small mean free path in the atmosphere increses the possibility 
of cascade ionization. Long focal length lens will have a long 
nar z'ow beam waist and hence the possibility of increase in 
electron velocity and of collision is more which results in 
longer size of breakdown region. On decrease in laser energy 
decrease in extent of breakdown is observed. Figure 4.2 shows the 
variation of plasma size with input intensity in graphite target 
for focal length 23.5cm and 63cm. 

In conclusion low threshold air breakdown in the presence of 
metal plasma was observed using the Nd: Glass laser outlined in 
chapter 2. Plasma length of as much as lOcjn was observed by 
focusing laser radiation on graphite^ target. Decrease in plsma 
size was reported with input intensity. 
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Table 3 


o 

Spectral iinesCA D 


Target: 

Ai 

Target 

: Graph! te 

Ni trogen 

Ai r 

>bs©r ved 

Standar d 

Obser ved 

Standar d 

Standar d 

Obser ved 

6482 

6698 

6005 

6688 

6723 

6907 

6006 

6696 

5450 

6683 

6653 

6439 

S766 

5557 

5000 

6674 

6644 

6077 

5S57 

51 07 

4975 

6671 

6484 

5202 

S322 

3961 

4653 

6663 

6482 

4775 

4977 

3944 

4636 

6662 

6441 

4296 

4780 

3935 

4622 

6655 

6008 

4219 

4716 

3931 

4609 

6654 

5999 

4177 

4679 

3482 

4523 

6653 

5829 • 

4157 

4667 

3479 

4501 

6587 

5616 

4138 

4573 

3458 

4483 

6397 

5564 

4132 

4552 

3452 

4356 

6016 

5560 

4108 

4531 

3444 

4348 

6014 

5411 

4103 

4510 

- 

4340 

6013 

5356 

4100 

4489 

- 

4222 

6012 

4935 

4068 

4466 

- 

4212 

6010 

4914 

- 

4447 

- 

4195 

6007 

4494 

- 

4405 

- 

4181 

6006 

4492 

- 

4385 

_ 

4171 

6002 

4358 

- 



4362 

— 

4155 

6001 

4336 

4341 

- 

3992 

5800 

4317 

431 4 


3960 

5793 

4305 

4308 

- 

3911 

5668 

4223 

4296 

- 

3902 

5551 

4151 

4291 


3875 

5545 

41 37 

4260 

" 


5380 

4113 

4231 

- 

- 

5052 

4109 

41 75 

-- 

- 

5039 

4099 

4048 

- 

- 

5023 

3830 

4047 

- 

- 

4932 

3822 

4033 


- 

4775 

3650 

- 



4771 



4466 

4371 

426g 

4228 

4223 

4212 

4065 

4029 

4009 



Lg.4.2 a) Variation of Plasma size ifith inpixt cnerjgy in a 
graphite target. { Focal length of lens- 23. 5cm ) 






CHAPTER 5 


o 


AIR BREAKDOWN USING YAG LASER AND ITS HARMC^^ICS 

1 nt r oducti on 

Since the first report of the laser induced breakdown of ai 

:i n 1 9G3 » there has been an enormous grov/th of understand! ncf o 

ihe subject By focussing a laser beam in a gas it is possible t 

get a high -temperature, high density plasma. The properties o; 

gaseous plasma created by focussing laser radiation have aisc 

been studied. Laser produced plasmas have been used as source foi 

high intensity X-ra^/s and VUV continuum in rare gases i 

Sensitive techniques to measure UV radiation using gas breakdowr 

have also been developed. Lasers have been used to trigger 

electrical discharge between electrodes in vacuum and in gases ir 

spark gap switches. Detailed calculations of the gas breakdowr) 

threshold caused by laser irradiation have been carried out by 

Kroii Se Watson . Buscher et al were the first to study thd 

breakdown threshold intensity of’ rare gases at wavelengthJ 

1.06, 0.69, 0,53 and 0.35pm. They found that the threshold 

intensity for each rare gas studied first increases to a 

maxi mumand then decreases with decreasing wavelength. Alcoc 
oo 

al reported the breakdown ofnitrogen, methane and rare g 
using a ruby laser of pulse width 20ns and its second harmc 
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agreement with Buscher et al and Krasyuk et al studied the 

breakdown threshold of nitrogen, helium and argon using ps pulses 

4 1 

of ruby laser in the pressure range S<p<10 torr. The results 

3 

show a weak dependence on the pressure for p<10 torr in He and 

Ar and p<300 torr in character i sti c of multi photon 

absor p^t 1 on. At higher pressure in He and Ar there is a pronounced 

p dependence, indicating the occur ance of colli si onal ionization 

by inverse br emsstr ahl ung absorption^ however for the p 

30 31 

dependence is less pronounced. Gamal et al and Weyi et al 
have done theoretical calculations of laser induced breakdown 
thresholds of atomic and molecular gases as a function of 
pressure of the gas, pulse width of laser using the equation of 
growth of electrons, and including the effects of both MPI and 
cascade ionozation. In this thesis, we report the 

preliminary studies on air breakdown by focussing the Nd: Yag 
laser and its harmonics at various pressures, in the range of 
34-760 torr. I>ependence of the size of visual, spark as a function 
of 1 aser radiation is also studied. 

Rxper i mental setup 

A schew^tic of the experimental set up used is shown in 
figure 5. 1 . A ^4d: Yag laser CE)CR-4, spectra physicsZ> and its 
harmonics delivering upto 900 mJ in 3. 5 ns in fundamental with a 
repitition rate of lOpps, was focussed with a quartz lens 



^6 


s 



I & L2 — Lens 

— Target Chamber 
'1 W2 & W3 — Quartz Windows 

— Constant Deviation Spectrograph 
— Camera 

xperimental Set-up for Air- breakdown Studies. 



FIG.S-’ 
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Cf=i2cnO in the centre of a vaccum chamber. The chamber was 

— 2 

evacuated to <10 torr with a rotary pump. Laser energy was 
varied by reducing the firing voltage of the laser Cal ways above 
threshold voltageZ). The energy of the laser was measured with a 
laser power meter COphirD* by placing the power meter in the path 
of the main beam. Threshold energy was measured only when the 
break dovim spark seen visually through the window, was modulated 
at lOpps- Breakdown spot size was recorded using a camera. 

Results and Discussion 

Figure 5.2 shows the dependence of breakdown threshold 
intensity on wavelength of laser radiation used for different 
pressure of air. This shows that threshold intensity first 
increases to a peak and then decreases with increasing wavelength 
at a pressure of 390 torr. At longer wavelengths the irradiance 
required for gas breakdown decreases with increasing wavelength, 
in accordance with cascade collision ionization theory. On the 
other hand, at visible wavelength, the irradiance threshold 
required to breakdown at low or moderate pressure of air 
decreases with decresing wavelength because of photoionization of 
excited atoms and resonant absorption effects. These results are 
in agreement with Buscher etal. However at atmospheric pressure 
of air it is observed that the threshold intensity first 
decreases to a minimum and then increases with incresing 
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wavt-U-nglh in contradiction to Buscher's result. Breakdown 
threshold intoniitv was measured for atmospheric air inside and 
outside the chamber. It is also observed that threshold 
intensity is 1 e-.s out. side the chamber as compared to inside the 
chamber. It i .. t^xpect.ed since breakdown threshold intensity can 
be rt-'dui.ed as t-ampared to the case of still air. 

F 1 yur e 3. .1 .;.how:; the dependence of threshold intensity on 

pressure of air for different laser wavelengths. It is observed 
that threshold intensity increases with the decrease of pressure. 
At low pressures the collision frequency is low, sufficient 
ionization can be maintained by increasing the probability of 
ionization at each collision Cconsequently the electron velocity!) 
and thus electric field associated with laser radiation should be 
high. Hence threshold Intensity increases as pressure decreases. 
Breakdown threshold intensity of air at 1.06pm shows pronounced p 
dependence, characteristic of coilisional ionization by inverse 
bremsstrahiung absorption, however weak dependence is observed 
for 0. 532/um and 0. 3^/um laser irradiation, indicating the 
occurrence of miltiphoton absorption. Thus the breakdown of air 
may be initiated with multi photon absorption and then proceed due 
to cascade process. 

Figure 5.4 shows the variation of length of visible spark 
with 1 . 05jum laser energy radiation at atmospheric pressure. It is 
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observed that. length of the visible spark Increases with the 
increase of laser energy. As the energy contained in the beam 
waist* increases, length of visible spark increses. Ho 

appreciable change of spot size C length or widths was observed 
with the pressure of air with 1 . 06/jm radiation. 

In conclusion, air breakdown was observed visually with 
Hd: Yag laser and its harmonics at various pressures, in the range 
of 24--760 torr. Breakdown threshold intensity was found to be 
dependent on wavelength and pressure. Breakdown spot size is 
strongly dependent on the laser radiation and weakly dependent on 


the pressure of air. 



CHAPTER 6 


CO>^CLUSI OHS 

An existing >4d: Glass is upgraded to give energy/ of SOJ per 
pulse in free running mode. By focussing laser on to a solid 
target we investigated the breakdown characteristics of air near 
the solid target. >4o breakdown of air was observed by focussing 
laser radiation without the metal surface irrespective of the 
focal length of the focussing lens. The extent of the breakdown 
region near the metal surface depends on the focal length of the 
focussing lens and the focussed spot on the target. The results 
are reported for breakdown of air using graphite and aluniinium 
target. To avoid the back reflected laser radiation from the; 
laser produced plasma into the laser cavity, a Faraday isolator 
was designed. The characteristics of various components designed 
for Faraday isolator are presented. Preliminary results on the 
laser induced breakdown of air using Hd: YAG laser and its 3w 
3w^,4w^ are reported. The wawelength and pressure dependence of' 
breakdown threshold was studied and presented in this report. I 
The variation of breakdown spot size with energy also studied. ' 

I 

The results reported in this are preliminary investigations. | 
To get more information on the effect of target on breakdown ofi 
air, a systematic study using different target material shall be 
done. Si mi lari:/, breakdown studies without the metal surface ar^ 
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to be performed at stiil lower pressure* to ascertain the 
pr ess ur e dependence . 

Faraday isolator has been designed ♦ but the working of it 
will become clear onl 2 / when M~16 rod is available. 
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